Oncogenic wingless-related mouse mammary tumour virus (Wnt) signalling, caused by epigenetic inactivation of specific pathway regulators like the putative tumour suppressor secreted frizzled-related protein 1 (SFRP1), may be causally involved in the carcinogenesis of many human solid tumours including breast, colon and kidney cancer. To evaluate the incidence of SFRP1 deficiency in human tumours, we performed a large-scale SFRP1 expression analysis using immunohistochemistry on a comprehensive tissue microarray (TMA) comprising 3448 tumours from 36 organs. This TMA contained 132 different tumour subtypes as well as 26 different normal tissues. Although tumour precursor stages of, for example kidney, colon, endometrium or adrenal gland still exhibited moderate to abundant SFRP1 expression, this expression was frequently lost in the corresponding genuine tumours. We defined nine novel tumour entities with apparent loss of SFRP1 expression, i.e., cancers of the kidney, stomach, small intestine, pancreas, parathyroid, adrenal gland, gall bladder, endometrium and testis. Renal cell carcinoma (RCC) exhibited the highest frequency of SFRP1 loss (89% on mRNA level; 75% on protein level) and was selected for further analysis to investigate the cause of SFRP1 loss in human tumours. We performed expression, mutation and methylation analysis in RCC and their matching normal kidney tissues. SFRP1 promoter methylation was frequently found in RCC (68%, n ¼ 38) and was correlated with loss of SFRP1 mRNA expression (po0.05). Although loss of heterozygosity was found in 16% of RCC, structural mutations in the coding or promoter region of the SFRP1 gene were not observed. Our results indicate that loss of SFRP1 expression is a very common event in human cancer, arguing for a fundamental role of aberrant Wnt signalling in the development of solid tumours. In RCC, promoter hypermethylation seems to be the predominant mechanism of SFRP1 gene silencing and may contribute to initiation and progression of this disease.
Oncogenic wingless-related mouse mammary tumour virus (Wnt) signalling, caused by epigenetic inactivation of specific pathway regulators like the putative tumour suppressor secreted frizzled-related protein 1 (SFRP1), may be causally involved in the carcinogenesis of many human solid tumours including breast, colon and kidney cancer. To evaluate the incidence of SFRP1 deficiency in human tumours, we performed a large-scale SFRP1 expression analysis using immunohistochemistry on a comprehensive tissue microarray (TMA) comprising 3448 tumours from 36 organs. This TMA contained 132 different tumour subtypes as well as 26 different normal tissues. Although tumour precursor stages of, for example kidney, colon, endometrium or adrenal gland still exhibited moderate to abundant SFRP1 expression, this expression was frequently lost in the corresponding genuine tumours. We defined nine novel tumour entities with apparent loss of SFRP1 expression, i.e., cancers of the kidney, stomach, small intestine, pancreas, parathyroid, adrenal gland, gall bladder, endometrium and testis. Renal cell carcinoma (RCC) exhibited the highest frequency of SFRP1 loss (89% on mRNA level; 75% on protein level) and was selected for further analysis to investigate the cause of SFRP1 loss in human tumours. We performed expression, mutation and methylation analysis in RCC and their matching normal kidney tissues. SFRP1 promoter methylation was frequently found in RCC (68%, n ¼ 38) and was correlated with loss of SFRP1 mRNA expression (po0.05). Although loss of heterozygosity was found in 16% of RCC, structural mutations in the coding or promoter region of the SFRP1 gene were not observed. Our results indicate that loss of SFRP1 expression is a very common event in human cancer, arguing for a fundamental role of aberrant Wnt signalling in the development of solid tumours. In RCC, promoter hypermethylation seems to be the predominant mechanism of SFRP1 gene silencing and may contribute to initiation and progression of this disease.
Introduction
Human cancer cells show distinct patterns of deregulated gene expression. This deregulation is expected to affect 1-3% of the transcriptome (Zhang et al., 1997) including a variety of tumour suppressor genes whose expression is predominantly downregulated in cancer cells. DNA methylation of CpG-rich promoter regions is now becoming recognized as one fundamental mechanism for the inactivation of tumour suppressor genes in cancer cells (Esteller, 2005) . For a number of tumour entities, it has already been reported that the gene encoding the soluble wingless-related mouse mammary tumour virus (Wnt) antagonist and putative tumour suppressor secreted frizzled-related protein 1 (SFRP1) is frequently inactivated by promoter methylation in solid tumours, including colon cancer (Caldwell et al., 2004; Suzuki et al., 2004) , ovarian cancer (Takada et al., 2004) , bladder cancer (Stoehr et al., 2004; Marsit et al., 2005) , mesothelioma (Lee et al., 2004) , prostate cancer (Lodygin et al., 2005) , lung cancer (Fukui et al., 2005) and breast cancer (Veeck et al., 2006) .
The innovative research of Suzuki et al. (2004) was able to uncover the direct link between epigenetic inactivation of the SFRP1 tumour suppressor gene and constitutive Wnt signalling in colorectal cancer. The binding of Wnt ligands to its corresponding Frizzled transmembrane receptors initiates a complex signalling cascade, which leads to a stabilization of cytosolic b-catenin. After translocation into the nucleus, bcatenin interacts with T-cell factor (TCF)/lymphoidenhancing factor (LEF) transcription factors inducing an activation of downstream target genes as an immediate consequence (Behrens et al., 1996) . The fact that several oncogenes like c-myc, cyclin D1 and c-jun (He et al., 1998; Mann et al., 1999; Tetsu and McCormick, 1999) are Wnt responsive genes argues for an involvement of constitutive Wnt signalling in the development of cancer after loss of SFRP1 expression. There is now growing evidence that oncogenic Wnt signalling may be involved in renal cell carcinoma (RCC) development as well (Togashi et al., 2005) .
RCCs Recently, it was reported that the hypoxia inducible gene 2 (HIG2) is abundantly overexpressed in RCC (Togashi et al., 2005) . These authors found that an ectopic expression of HIG2 confers a growth advantage to RCC cell lines. HIG2 was supposed to exert its effect via binding to the Wnt receptor Frizzled-10 and subsequently initiating the translocation of b-catenin into the nucleus. Since the HIG2 promoter itself contains several putative TCF-binding motifs, it was suggested that oncogenic Wnt signalling in RCC cells is stimulated via a positive feedback system (Togashi et al., 2005) . Additional studies have postulated a possible link between RCC and oncogenic Wnt signalling: Janssens et al. (2004) detected abundant Frizzled-5 expression in RCC and a close correlation to the accumulation of cyclin D1 in the nucleus. Thus, it is apparently important to analyse the expression of further Wnt genes and their negative regulators including SFRP1 in RCC.
In the present study, we addressed two major questions to further clarify the role of SFRP1 in carcinogenesis. The first goal was a comprehensive expression analysis of SFRP1 by immunohistochemistry (IHC) using a multitumour tissue microarray (TMA) containing 3448 human tumours derived from 132 tumour subtypes and 26 different normal tissues. This analysis defined the spectrum of human tumours showing loss of SFRP1 expression. Second, we selected RCC as the tumour entity with the highest frequency of SFRP1 loss for further molecular analysis. We investigated whether the putative tumour suppressor gene SFRP1 is inactivated by mutation or by methylationdependent silencing in RCC. Promoter methylation has been shown to be the major mechanism of SFRP1 inactivation in breast and colon cancer Veeck et al. 2006) . To this end, we have analysed mutation, expression and promoter methylation of the SFRP1 gene in RCC and correlated the obtained data from the DNA, RNA and protein levels.
Results
Abundant loss of SFRP1 protein expression in numerous human tumour types Of 3703 human tumour and normal tissue specimens on the TMA, 2616 (70.6%) were successfully analysed. Non-informative results were due to loss of tissue cores during the experimental process or due to missing tumour cells in specific TMA cores. Altogether, SFRP1 expression was analysed in 132 tumour subtypes derived from 36 organs and in 26 normal tissues (Supplementary Table 1 ). For statistical analysis, loss of SFRP1 expression was only analysed in those tumour subtypes with five or more analysed cases and where the corresponding normal or benign tissues exhibited moderate to abundant SFRP1 expression in at least 75% of analysed cases. This criterion was fulfilled by 17 cancer subtypes (marked with an asterisk in Supplementary Table 1 ) that included major tumour entities already known to exhibit loss of SFRP1 expression like adenocarcinoma of the colon (37% loss) and ductal carcinoma of the breast (44% loss). Altogether, 14 (82%) of these 17 cancer subtypes exhibited clear loss of SFRP1 expression compared to their benign or normal tissues (cutoff: at least 10% of cases shifted from moderated/strong expression to no or weak expression). Regarding the organ level, we defined nine novel tumour entities where loss of SFRP1 expression has not been described before (Table 1) . These entities include tumours of the kidney, testis, pancreas, adrenal gland, parathyroid, endometrium, small intestine, stomach and gall bladder. Representative examples of SFRP1 IHC stainings in these entities are shown in Figure 1 (for pancreas, small intestine, stomach and testis) and Figure 2 (for renal cell carcinoma). Seminomas of the testis and adenocarcinomas of the pancreas showed negative or weak SFRP1 expression in 59 and 49% of analysed tumours, respectively (Table 1) . In stomach cancer, there was considerable difference in SFRP1 loss between intestinal adenocarcinomas (48% negative or weak staining) and diffuse adenocarcinomas (27% negative or weak staining) (see Supplementary Table  1 ). In RCC we found most abundant loss of SFRP1 expression in clear cell carcinoma (51% weak or negative staining), whereas papillary RCC showed a smaller fraction of SFRP1 loss (32% weak or negative staining). In contrast, benign oncocytoma of the kidney retained SFRP1 expression in every specimen analysed (Table 1) . Similar tendencies could be observed for cancer precursor stages of the colon and adrenal gland. Although colon adenomas in variable severities of dysplasia as well as adenomas of the adrenal gland retained SFRP1 protein expression, this expression was frequently lost in the corresponding genuine tumours.
Aberrant methylation of SFRP1 in renal cell carcinoma E Dahl et al Verification of loss of SFRP1 expression by analysis of a cancer profiling array To verify the loss of SFRP1 protein expression detected by IHC, we performed an expression analysis on the SFRP1 mRNA level. A complementary DNA (cDNA) dot blot array (Clontech cancer profiling array) containing 494 cDNAs synthesized from 241 primary tumours and 241 matched normal tissues and 12 cDNAs from metastases, altogether representing 13 different organs, was hybridized to a SFRP1-specific gene probe (Figure 3 ). The obtained hybridization signals were quantified by densitometry (Table 2 ). This analysis confirmed the expression loss obtained with our SFRP1-specific antibody by IHC in most tumour types. Loss of SFRP1 protein expression in the newly described entities stomach cancer and RCC could be confirmed on the RNA level, showing at least fivefold expression loss in 46% of stomach cancers and 89% of RCC. Absence of SFRP1-mRNA could also be confirmed in endometrium and small groups of tumours derived from small intestine, prostate and pancreas (see Figure 3) . Interestingly, there was no evidence of SFRP1 loss in precursor stages of uterus/endometrium and kidney cancer. Of all tissues analysed on the mRNA level, SFRP1 was most clearly downregulated in RCC (Figure 3 ). These tumour samples included 17 primary RCCs, one carcinoid tumour (Figure 3 , lane D), one transitional cell carcinoma (TCC) (Figure 3 , lane F) and one oncocytoma ( Figure 3 , lane I). In summary, this analysis showed downregulation of SFRP1 in 15 of 17 RCC tumours and downregulation in one TCC and carcinoid tumour, but no loss in one benign oncocytoma analysed, compared to matching normal kidney tissue. Owing to this high frequency of SFRP1 loss in RCC, we subsequently concentrated our efforts on evaluating the mechanisms of SFRP1 loss in RCC. Aberrant methylation of SFRP1 in renal cell carcinoma E Dahl et al
Methylation of the SFRP1 promoter in primary renal cell carcinoma Promoter methylation is implicated to be an effective mechanism of SFRP1 inactivation in breast, colon and prostate tumours. A key question was whether promoter methylation is also the driving mechanism in RCC that directs SFRP1 gene silencing. Since it has been reported that normal human tissue can also exhibit some degree of age-related gene methylation (Waki et al., 2003) , we analysed matching samples of tumour and normal Aberrant methylation of SFRP1 in renal cell carcinoma E Dahl et al kidney tissue by methylation-specific polymerase chain reaction (MSP) analysis. Forty RCC, all of which had matching normal kidney tissue, were analysed. Representative results are shown in Figure 4 . A clear PCR product could be amplified in 38 RCC samples using methylation-specific primers that can distinguish between unmethylated (TU, tumour unmethylated; NU, normal unmethylated) and methylated (TM, tumour methylated; NM, normal methylated) sequences in tumour and normal tissue of the kidney. Note that tumour tissue usually displayed a PCR product in the U-reaction as well, owing to contaminating normal tissue (stromal cells, endothelial cells) present in the tumour specimens. This effect has already been described by Suzuki et al. (2004) in colon carcinoma. However, only a few RCCs (e.g., #17, #26 in Figure 4 ) showed no evidence of aberrant SFRP1 promoter methylation in MSP. Overall, clear SFRP1 promoter methylation was found in 26/38 (68.4%) of RCCs. The majority of tumours investigated were clear cell carcinomas, although a few papillary and chromophobes were also analysed (Table 3) .
Correlation analysis of SFRP1 expression and methylation in RCC To examine a potential correlation between SFRP1 transcription level and methylation, SFRP1 mRNA expression was determined by real-time PCR in the same cohort of RCC used previously for methylation analysis. Figure 5a compares SFRP1 mRNA expression in RCC with that found in matching normal kidney tissues, which demonstrates a statistically significant downregulation (median: 247-fold; po0.001) in the malignant tissue samples. The fold change of SFRP1 downregulation with respect to the matching normal tissue is illustrated in Figure 5b . A distinct decrease of SFRP1 mRNA expression of more than fold change 5 could be observed in 34 of the 38 (90%) RCC tumour/normal pairs. The evaluation of statistical correlation data revealed significant differences between SFRP1 promoter methylation and SFRP1 mRNA downregulation (Mann-Whitney U test: p ¼ 0.048, Figure 5c Figure 3 Loss of SFRP1 mRNA expression in human solid tumours. Expression profiles were determined using the Clontech cancer profiling array containing cDNA pairs derived from cancer tissues (T), non-tumourous tissues (N) and metastatic tissues (marked with arrows and asterisks). No loss of SFRP1 expression was observed in benign tumours versus normal tissues (outlined pairs). To analyse whether the correlation between SFRP1 promoter methylation and loss of SFRP1 mRNA is also reflected on the protein level, we performed a small parallel analysis of SFRP1 DNA, RNA and protein in four tumour and normal tissue pairs of the kidney and found concordance in three of four samples. All tumour samples showed at least weak methylation of the SFRP1 promoter region. The tumour sample with the weakest signal and the tumour sample with the strongest methylation signal were selected for the representative data set shown in Figure 6 . A RCC specimen with a weak SFRP1 methylation signal (Figure 6a ) exhibited a 10-fold downregulation in its SFRP1 mRNA (Figure 6b ) and the tumour still retained some SFRP1 protein expression (Figure 6d ). In RCC specimens with clear SFRP1 methylation signals (Figure 6e) , the downregulation of SFRP1 mRNA was much more prominent (160-fold) (Figure 6f ) and correlated with almost complete loss of SFRP1 on the protein level (Figure 6h ).
Loss of heterozygosity and mutation analysis of the SFRP1 gene in RCC Eight RCC samples exhibited a clear reduction (fold change >5) of SFRP1 expression, despite the absence of SFRP1 promoter methylation (data not shown), indicating further inactivating mechanisms in RCC, for example gene loss or somatic mutations. Therefore, we screened our complete series of RCC samples with goodquality DNA (n ¼ 38) for allelic loss on chromosome 8p. Tumour DNA and matched normal DNA were analysed using the microsatellite markers D8S255, D8S1817, D8S532, D8S268 and D8S311 in the close vicinity of the SFRP1 gene, the markers D8S1469 and D8S1145 upstream at 8p23.1 and 8p22, respectively, and the marker D8S587 downstream (8q11.21) of the SFRP1 gene locus. Allelic loss on chromosome 8p in at least one marker was found in 16% (six of 38) of kidney tumours (representative examples are shown in Figure 7) . Interestingly, all of them showed loss of heterozygosity (LOH) at chromosome 8p12, in close proximity to the SFRP1 gene. Three of the tumours showed smaller deletions with a minimal region of deletion at 8p12-11.1 (D8S311) or 8p12-11 (D8S255), whereas the remaining three tumours displayed LOH in at least two markers on chromosome 8p. The six tumours with LOH were further analysed for SFRP1 mutations by direct genomic sequencing of all SFRP1 exons and splice sites as well as the SFRP1 promoter region. No inactivating mutations within the SFRP1 gene were detected and no alterations of the SFRP1 promoter region were observed, indicating that mutational inactivation of the SFRP1 gene might not play a major role in kidney cancer. TU  NU  TM  NM   TU  NU  TM  NM TU  NU  TM  NM TU  NU  U  U  U  M  M  M  TM  NM   TU  NU  TM  NM  TU  NU  TM  NM  TU  NU  TM  NM TU  NU  TM Aberrant methylation of SFRP1 in renal cell carcinoma E Dahl et al
Discussion
The majority of human malignancies, i.e. cancers of the colon, breast and prostate, are characterized by a significant expression loss of the putative tumour suppressor gene SFRP1. SFRP1 is a negative modulator of the Wnt signalling pathway because its loss in colon cancer has been associated with aberrant activation of the Wnt signalling cascade . SFRP1 is thought to bind Wnt ligands and to prevent or modulate Wnt binding to its cognate receptors of the Frizzled family (Finch et al. 1997; Melkonyan et al., 1997) .
In this report, we have comprehensively analysed SFRP1 expression by IHC in 26 different human normal tissues and 132 different subtypes of human cancers. Our expression data indicate that loss of SFRP1 expression is a very prevalent event in human tumours. In summary, 82% of analysed cancer subtypes exhibited clear loss of SFRP1 expression compared to their benign or normal tissues. For example, in breast cancer we found reduced SFRP1 expression in 44% of ductal and 56% of lobular carcinomas, thus confirming the data from Klopocki et al. (2004) , who found loss of SFRP1 protein expression in 46% of invasive breast tumours. SFRP1 promoter hypermethylation and loss of SFRP1 mRNA expression in primary colorectal carcinomas have been found in 82 and 76% of cases, respectively (Suzuki et al., 2002 . This fits in our observed frequency of SFRP1 downregulation on the mRNA level in cancer profiling array analyses (50-77%).
In addition to the previously characterized tumour entities, we defined nine novel tumour entities with apparent loss of SFRP1 expression, that is, kidney cancer, gastric cancer and pancreatic cancer, as well as cancers of the small intestine, parathyroid, adrenal gland, gall bladder, endometrium and testis. SFRP1 promoter methylation has already been eported to be relevant in gastric cancer cell lines (Suzuki et al., 2002) and matches well with our findings of reduced protein expression in diffuse and intestinal adenocarcinoma of the stomach. Aberrant SFRP1 promoter methylation in 85% (n ¼ 33) of genomic DNAs derived from pancreatic juices of patients with pancreatic cancer has been demonstrated by Watanabe et al. (2006) . Our data showing loss of SFRP1 expression in 49% of pancreatic adenocarcinomas support the hypothesis that SFRP1 methylation in pancreatic cancer is a major factor for SFRP1 gene silencing in this tumour entity.
Recently, tumours of the testis have been studied for SFRP1 mRNA expression in a small group of ten cases and seven controls (Hoei-Hansen et al., 2004) . These testis cancers represented one embryonal carcinoma, one teratoma, three seminomas and five intratubular germ cell neoplasias carcinoma in situ (CIS). Abundant expression of SFRP1 was found in all CIS samples and the teratoma sample, whereas no or weak SFRP1 mRNA expression was found in seminoma and normal tissue (Hoei-Hansen et al., 2004) . Similar to this study, we found loss of SFRP1 expression in 59% of seminomas (n ¼ 46); however, we detected moderate or strong protein expression in the corresponding normal testis tissue.
Recently, a distinct role of SFRP1 in wound healing of the skin was reported by Li and Amar (2006) . Loss of SFRP1 in a variety of skin tumours, especially histiocytoma, capillary hemangioma and Kaposi's Factor of SFRP1 mRNA downregulation relative to the matching normal kidney is shown on the y axis (fold change N/T). Methylated RCC exhibited a very distinct SFRP1 downregulation (median: 146-fold), whereas unmethylated RCC exhibited a SFRP1 downregulation that was less pronounced (median: 16-fold). Horizontal lines: group medians; boxes: 25-75% quartiles, range, peak and minimum.
Aberrant methylation of SFRP1 in renal cell carcinoma E Dahl et al sarcoma, might also indicate a possible involvement of aberrant Wnt signalling in these skin tumours. The relevance of loss of SFRP1 expression in the carcinogenesis of the stomach, the endometrium, the small intestine and the parathyroid has not been reported so far and is a matter of ongoing studies in our laboratory. The Wnt signalling pathway also plays an important role in embryonic kidney development (Vainio et al., 1999; Dressler, 2002) and its reactivation by either mutations or altered expression of individual components has been postulated to be a determining factor in the development of RCCs. Several Wnt components have already been examined: despite lack of adenomatosis polyposis coli (APC) and only rare b-catenin mutations (Bohm et al., 1997; Suzuki et al., 1997; Kim et al., 2000; Ueda et al., 2001) , cytoplasmic accumulation of b-catenin has repeatedly been described (Kim et al., 2000; Janssens et al., 2004) . Moreover, aberrant activity of the Wnt signalling pathway was reported in renal-cancer-derived cell lines associated with higher expression levels of Wnt5a and Frizzled 5 mRNA and/or increased b-catenin expression (Zang et al., 2000) . Furthermore, mRNA as well as protein levels of the Wnt target cyclin D1 were reported to correlate largely with increased Frizzled 5 expression in clear cell RCC (Janssens et al., 2004) . As already mentioned above, SFRP1 functions as a Wnt antagonist and its loss has been reported to be associated with activation of the Wnt signalling pathway. However, the role of SFRP1 in RCC development has not been investigated yet. Thus, after verifying the immunohistochemistry results on the RNA level by means of a cancer profiling array (CPA) hybridization, we focussed on the underlying mechanism of loss of SFRP1 expression in kidney cancer. Hypermethylation of CpG islands in gene promoter regions has been associated with transcriptional silencing and represents, in addition to genetic alterations, an important mechanism of gene inactivation in tumorigenesis. We found SFRP1 promoter hypermethylation in 68% of RCCs and a correlating downregulation of SFRP1 mRNA expression by a fold change >5 in 90% of these cases, resulting in attenuated protein expression. Additionally, we performed 8p LOH analysis on the same, predominantly clear cell RCC specimens and corresponding normal tissue. LOH at 8p in clear cell RCCs was previously reported to occur in 15-32% of cases, depending on the detection method applied (Reutzel et al., 2001; Presti et al., 2002) . We focussed mainly on markers located near the SFRP1 locus 8p12.1 and detected LOH in only 16% of cases, being in concordance with the data described above. Moreover, we could not find any mutations within the SFRP1 gene, like they were infrequently found in colorectal carcinomas (Caldwell et al., 2004) , and no alterations in the SFRP1 promoter region. Therefore, we conclude that promoter methylation rather than mutational inactivation is the main mechanism for SFRP1 gene silencing in RCC. This is in line with previous findings such as in bladder (Stoehr et al., 2004) , breast (Veeck et al., 2006) and prostate cancer (Lodygin et al., 2005) . It is to note that these data were obtained by analysing mainly clear cell RCC (33/40) . This entity displayed the highest fraction of loss of SFRP1 protein among kidney tumours analysed on the multitumour TMA and is also the most frequent and clinically aggressive variant. Like papillary RCC, this entity is thought to develop from Aberrant methylation of SFRP1 in renal cell carcinoma E Dahl et al the tubular epithelium (Mancilla-Jimenez et al., 1976; Hughson et al., 1993) . Contrarily, chromophobe RCCs, which retained SFRP1 protein expression in 54% of cases, are supposed to descend from the intercalating cells of the collecting duct epithelium and are therefore of different origin (Storkel et al., 1989; Ortmann et al., 1991) . In summary, our study provides additional insights into the prevalence, incidence and cause of SFRP1 gene inactivation and its potential contribution to neoplastic progression of human tumours. In clear cell RCCs, aberrant cytosine methylation in relevant SFRP1 promoter regions seems to be a fundamental mechanism that might lead to ectopic activation of the Wnt signalling pathway. This work is a prerequisite for further functional studies, clarifying the importance of the Wnt signalling pathway in the pathogenesis of RCC and other tumour entities.
Materials and methods

Clinical material
Matched tumour/normal samples of renal cancer specimens (n ¼ 40) were obtained from patients who had undergone primary surgery for RCC at the Department of Urology at the University Hospital of Regensburg. All patients gave informed consent to participate in the study. Part of the tumour material and macroscopically normal kidney was snap-frozen in liquid nitrogen or embedded in paraffin shortly after surgery. Hematoxylin and eosin-stained frozen sections were prepared for assessment of the percentage of tumour cells. Only samples with more than 50% tumour cells were selected for analysis and prepared for manual microdissection. In all cases two board-certified pathologists (AH and MW) agreed on the diagnosis of RCC. Patient characteristics and histopathological data are shown in Table 3 .
TMA construction
Formalin-fixed and paraffin-embedded tissue samples were collected from the archives of the Institute of Pathology of the University Hospital, Basel, Switzerland. The assessment of tissue and clinical data was performed according to the regulations of the local institutional review board. All relevant patient data were anonymized. A comprehensive TMA was created by transferring representative tissue cylinders with a diameter of 0.6 mm to seven new paraffin blocks as described previously (Bubendorf et al., 2001) . Representative areas of different subtypes for the most frequent tumour entities and their corresponding normal tissues were selected for analysis. Sections of 4 mm from the resulting TMA block were cut and mounted to an adhesive-coated slide system (Instrumedics Inc., Hackensack, NJ, USA). The multitumour TMA consisted of 3448 primary tumours from 132 different tumour subtypes and 26 different normal tissues and allowed us to determine the prevalence of SFRP1 expression in normal tissues and corresponding malignant tumours. The major tumour tissues included on this TMA comprise skin (n ¼ 330), brain (n ¼ 228), breast (n ¼ 218), lung (n ¼ 217), colon (n ¼ 204), salivary gland (n ¼ 152), soft tissue (n ¼ 150), kidney (n ¼ 144), ovary (n ¼ 140) and testis (n ¼ 126), Detailed tumour characteristics can be found in Supplementary Table 1 .
SFRP1 immunohistochemistry
Section of 3 mm were deparaffinized in xylene, rehydrated in a decreasing ethanol series and subsequently boiled for 30 min in citrate buffer (pH 6.0) for antigen retrieval. IHC was performed using an NEXES Immuno Stainer (Ventana, Tucson, AZ, USA) according to the manufacturer's specifications. Polyclonal anti-SFRP1 antibodies (Eurogentec, Seraing, Belgium) were verified for specificity as described previously and used in a 1:200 dilution using the ChemMate Envision kit (Dako, Hamburg, Germany). Normal breast tissue sections in which SFRP1 expression has already been described by Klopocki et al. (2004) served as positive controls. Sections were counterstained with Mayer's hematoxylin and embedded in Entellan mounting medium (EMS Diatome, Fort Washington, PA, USA). The application of primary antibodies to tissue sections was omitted in negative controls. Immunohistochemical analysis was performed without the knowledge of histopathological data. Cytoplasmic staining was scored by a four-step scale from 0 (no expression) to 3 þ (strong expression) for semiquantitative evaluation of the multiple tumour TMA by two pathologists (MW and AH).
Expression analysis using the CPA The CPA (Clontech, Heidelberg, Germany) has been previously described in detail (Zafrakas et al., 2006) . Histological type, patient age and a complete list of tissues can be found on the provider's website (http://www.clontech.com/clontech/ techinfo/manuals/PDF/pt7841-1.pdf). Hybridization using 25 ng of a gene-specific 32 P-labelled cDNA probe digested from Unigene cDNA clone (acc. no. W21306) was performed according to the manufacturer's recommendations. The tumour/normal intensity ratio was calculated using a STORM-860 phosphorimager (Molecular Dynamics, Sunnyvale, CA, USA) and normalized against the background.
DNA/RNA isolation from RCC Frozen tissue samples were prepared for manual microdissection and dissolved in lysis buffer for subsequent DNA isolation using the blood and cell culture DNA kit (Qiagen, Hilden, Germany) or by RNA isolation using Trizol (Gibco-BRL, Glasgow, UK) according to the protocol supplied by the manufacturer.
Reverse transcription PCR
Of the total RNA, 1 mg was reverse transcribed using the Reverse Transcription System (Promega, Madison, WI, USA). To improve transcription rate we mixed oligo-dT and pdN (6) -primers 1:2. For PCR, 1 ml cDNA was amplified using SFRP1 (product size 599 bp) and glycerinaldehyde-3-phosphate dehydrogenase (GAPDH) (510 bp) primers given in Supplementary Table 2. Reactions were initiated as 'Hot Start' PCR at 951C for 5 min and held at 801C before the addition of 1 unit of Taq DNA polymerase (Roche, Mannheim, Germany). Cycle conditions applied for both genes were as follows: 951C for 5 min, 35 cycles of 951C for 1 min, 601C for 1 min, 721C for 1 min and a final extension at 721C for 10 min. PCR analyses were carried out in a PTC-200 cycler (Bio-Rad, formerly MJ Research, Hercules, CA, USA). The amplification products were analysed on a 1% agarose gel containing ethidium bromide under UV light.
Semiquantitative real-time PCR Semiquantitative PCR was performed using the LightCycler system together with the LightCycler DNA Master SYBR Green I Kit (Roche, Mannheim, Germany) as described previously (Veeck et al., 2006) . Gene expression was quantified Aberrant methylation of SFRP1 in renal cell carcinoma E Dahl et al by the comparative C T method, normalizing C T -values to the housekeeping gene GAPDH and calculating relative expression values (Fink et al., 1998) . Postamplification melting curve analyses were performed to assure product specificity. Primer sequences for SFRP1 (product size 168 bp) and GAPDH (150 bp) are listed in Supplementary Table 2 . The relative SFRP1 expression levels were standardized to the expression level of a normal kidney tissue sample that contained approximately 40% of epithelial (renal tubular) cells (tumours generally contained >50% of tumour cells). To ensure experiment accuracy, all reactions were performed in triplicate.
Bisulphite modification and MSP Bisulphite modification and MSP were performed as described previously (Veeck et al., 2006) . Of the genomic DNA, 1 mg was bisulphite-treated using the DNA modification Kit (Chemicon, Ternecula, CA, USA) according to the manufacturer's specifications. For MSP, 1 ml of modified DNA was amplified using MSP primers (see Supplementary Table 2) that specifically recognize the unmethylated (product size 135 bp) or methylated (126 bp) SFRP1 promoter sequence after bisulphite conversion. DNA derived from human placenta was bisulphite-treated to serve as a control for the unmethylated promoter sequence. DNA derived from human mamma carcinoma cell line BT20, recently described as hypermethylated in the SFRP1 promoter (Veeck et al., 2006) , was used to generate a positive control for methylated alleles. Amplification products were visualized by UV illumination on a 3% low-range ultra agarose gel (Bio-Rad Laboratories, Hercules, CA, USA) containing ethidium bromide.
LOH analysis
The microsatellite markers used in this study and their localization (see Supplementary Table 2) were taken from the Genome Database (http://www.gdb.org). All primers were obtained from Proligo (Hamburg, Germany). Matched normal/ tumour DNA samples were amplified by PCR in a 25-ml volume containing 0.2 mM dNTP, 0.18 mM primers, 1.5 mM MgCl 2 and 0.25 units Taq-polymerase (Promega, Mannheim, Germany) using 3 ml isolated DNA as template. The reaction mixture was subjected to 3 min of denaturing at 951C and 35 cycles of 951C for 1 min and specific annealing temperature for 1 min and 721C for 1 min, followed by a final extension step at 721C for 10 min. PCR conditions were optimized by gradient PCR and were carried out in a PTC-100 Thermocycler (BioRad, formerly MJ Research, Hercules, CA, USA). Primer sequences and annealing temperatures are provided in Supplementary Table 2 . The amplification products were visualized by polyacrylamide gel electrophoresis and silver staining as described (Schlegel et al., 1995) . The silver-stained gels were assessed visually by two independent observers (CH and RSt) and informative cases were scored as allelic loss when intensity of the signal for the tumour allele was decreased to at least 50% relative to the matching normal allele. To avoid errors due to preferential amplification of one allele during the PCR, all LOH analyses were run in duplicates following independent PCRs. SFRP1 genomic sequencing Genomic DNA obtained from six LOH-positive clinical specimens, which contained >50% of tumour cells, were used as template for amplification of 500-1000 bp fragments containing the regions of interest. Oligonucleotide sequences are provided in Supplementary Table 2 . Gel-purified PCR products were applied to the sequencing reaction containing Big Dye Terminator Mix and Big Dye Sequencing Buffer according to the BigDye Terminator v.1.1 Cycle Sequencing Kit (ABI, Warrington, UK) and were sequenced in forward and reverse directions. The sequencing mixture was subjected to 1 min of denaturing at 961C and 25 cycles of 961C for 10 s and specific annealing temperature for 5 s and elongation at 601C for 4 min, followed by a final extension step at 721C for 10 min. Sequence detection was performed using an ABI Prism 310 Genetic Analyzer (ABI, Weiterstadt, Germany) and analysed using BioEdit Sequencing Alignment Editor v.7.0.5.3 (see: http://www.mbio.ncsu.edu/BioEdit). The coding region of all three exons and the promoter region 1000 bp upstream from the transcription start site were analysed for base substitutions.
Statistical analysis of clinicopathologic patient data Statistical analyses were completed using SPSS version 10.0 (SPSS, Chicago, IL, USA). Differences were considered statistically significant when p values were below 0.05. The non-parametric Mann-Whitney U test was used to compare the delta C T values of the real-time reverse transcriptase-PCR results between the RCC group and the normal kidney group and also to compare the different methylation groups.
